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FOREWORD

Volume Ill, ER 7777, Data Compilation and Evaluation of Space Shielding
Problems - Radiation Hazards in Space, is a technical summary report of a
study performed under Contract NAS 8-11164 to the George C. Marshall
Space Flight Center, NASA, Huntsville, Alabama. The Technical Con-

tract Monitor is M. O. Burrell of the Research Projects Division.
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ABSTRACT

This report presents the results of parametric studies investigating the hazards of space
radiations in relation to various local and interplanetary missions. The radiation types
include proton and alpha particles emitted in solar flux events and proton and electron
particles trapped in the magnetosphere of the Earth. The missions are three Mars ex-
peditions, three 14~day Lunar expeditions, and 29 orbital studies. Detectors are lo-
cated in the eye and abdomen of a man model placed in a cylindrical vehicle com-
posed of either aluminum or polyethylene. The vehicle wall thickness ranges from 1

2
to 30 gm/cm™. Descriptions of the principal computer programs employed in these

studies are contained in this report.



1.0 INTRODUCTION

This volume represents a continuation of investigations into the hazards of space radi-
ation and associated shielding problems. Presented here are the results of parametric
studies of interplanetary and local space missions. Also included is a description of
an additional computer program not contained in Volume |I25, and modifications to
the Dose program initially described in Volume Il. The additional program provides
proton and alpha spectra, integral in energy, due to solar flux events. The modifica-
iions to the Dose program permit the calculation of alpha and electron doses (or dose

rates) as well as proton doses (or dose rates).

These parametric studies are described in Section 2.0, and the results are presented
in Appendix E. Dose estimates are obtained for three Mars missions and three Lunar
missions with four alpha and proton spectra for each mission. The vehicle wall thick-
nesses for these missions are 1, 2, 5, 10, 20, and 30 gm/cm2 of aluminum and the
same set of thicknesses for polyethylene. The dose estimates are made in the right
eye and abdomen of a man model placed in the vehicle. The results of these 1152
dose calculations are presented graphically. In addition to the Mars and Lunar mis-
sions, dose calculations are performed for the aluminum vehicle in orbit about the
Earth. Proton and electron dose rates are obtained for three angles of inclination (Oo,
300, and 900) and for ten altitudes ranging from 150 to 15,000 nautical miles. The
same shield thicknesses and detector locations as in the Mars and Lunar missions are
employed. The results of the orbital missions are also presented graphically. The
spectra involved in the various missions are presented in tabular form in Appendix D.
Associated with each spectrum resulting from solar activity is a probability that that
particular hazard will be exceeded during that mission. The spectra associated with

Earth orbits are projected for the 1968 time period.

Section 3.0 describes a mathematical model used to predict proton and alpha total

mission flux, integral in energy, due to solar flux events. The integral fluxes are

PRECEDING PAGE BLANK NOT FILMED.



tabulated at 10, 30, 50, 100, 200, 400, 1000, and 1500 MeV. At each energy,
there are 55 flux values and the associated probability, at each flux value, of ex-
ceeding that value. Flux event clustering and summer-winter asymmetry are avail-

able as options. This model is incorporated into a Fortran |V language computer pro-

gram acceptable to either the IBM 7094 or System 360/50.

The Dose program modifications are presented in Section 4.0. The alpha dose calcu-
lation employs the same techniques as the proton dose calculation; therefore, the
calculational methods of Section 5.1, Volume Il, are repeated for the reader's con-
venience in Section 4.1 of this volume. The calculation of electron dose (or dose
rate) is described in Section 4.2. The results of the electron transport methods are

compared with the Monte Carlo results of Berger and Seltzer. n, 12

The computer programs described in this report and in previous space radiation shield-
ing reports may be obtained from Radiation Shielding Information Center, Oak Ridge
National Laboratory, P. O. Box X, Oak Ridge, Tennessee, 37831.




2.0 MISSION STUDIES

This section investigates radiation dose estimates for several local and interplanetary
missions. The vehicle configuration is described; calculational limitations are listed;
mission source spectra are discussed; and conclusions are listed. In Appendix E, the
results of these investigations are graphically displayed along with a table of dose
tolerances for comparison. Appendix D contains tabulations of the various mission

spectra.

Several points should be remembered in connection with the present calculations.
The Mars and Lunar mission dose calculations do not include contributions from the
trapped radiation belts. The orbital mission calculations do not include a solar flux
event component. No provision is made for estimating electron bremsstrahlung or
the penetration of solar flare radiation into the geomagnetic field. These capabili-
ties will be added to the system in the near future. Cosmic ray dose is not included;
this component depends on solar activity, position in the solar system, and shielding.
Finally, the question of biological effectiveness is avoided by the use of physical

dose units.

Considerations of various transmitted proton specfrcs, energy IossZ4, and RBE]9 indi-
cate that biological dose should be approximately equal to physical dose for shields
ranging from 1 to 50 grams per square centimeter in thickness. Below this range,
some solar flares with large low energy fluxes may produce skin biological dose much
larger than physical dose. Above this range, secondary neutrons may raise the bio-
logical dose above physical dose. Similar considerations for alphas indicate that bi-
ological dose may be two fo five times greater than physical dose for the same shield
thicknesses. Electron energy loss doto]3 and RBE]9 data indicate that biological dose

is equal to physical dose for electron energies below 300 MeV.



2.1 GEOMETRIC CONFIGURATION

A simple vehicle configuration is chosen in order to expedite the analysis and ease
the computation. The vehicle is a circular cylinder, surmounted by spherical end
caps. The internal diameter is eight feet and the length is twenty feet. One stand-
ing man model is located along the vehicle mid-line with his feet at the center of
the vehicle. Detector points are located in his right eye and the center of his abdo-
men. Vehicle walls are one inch thick. The wall density is specified so that mass
thickness is one gram per square centimeter. The mass thickness is increased for pur-
poses of a parametric survey by means of the "FF" factors in the Dose program. The
material, aluminum or polyethylene, is specified in Dose program data. A sketch of
the configuration is shown in Figure 2-1. This simple configuration is used in esti-

mating doses for Mars missions, Lunar missions, and Earth orbital missions.
2.2 MARS MISSION RADIATION HAZARDS

An estimate of solar flare radiation hazards is made for three Mars missions by means

of the Flare program and Dose program described in Sections 3.0 and 4.0.

The mission launch dates are October 9, 1977, December 28, 1981, and April 16,
1986. Each mission is approximately 450 days in length, with a Mars stay time of
20 days. The return trajectory passes inside the orbit of Venus. A total of 1000 his-
tories are processed by the Flare program for each mission. A history is a stochastic

representation of the course of solar flux events throughout the mission.

The cumulative proton and alpha integral flux distributions constructed by the Flare
program are used to derive a set of integral flux spectra for a mission. A percent is
associated with each cumulative integral flux spectrum; this percent represents the
probability that the cumulative integral flux at each energy is exceeded. Foragiven

. . 23
probability, the integral flux spectrum is processed by the LSSC™™ program to gznerate




FIGURE 2-1 GEOMETRIC CONFIGURATION



a spectrum differential in energy. The spectra for three Mars missions, at the 0.1,

1.0, 10, and 50 percent probability levels, are tabulated in Appendix D.

Doses received at the eye and at the center of the abdomen of the man model within
the configuration of Section 2.1 are shown graphically in Figures El - E12 of Appen-
dix E. Caution should be used in the interpretation of the results presented in Ap-
pendix E. These data assume that future solar cycles will exhibit the same activity
as the one just past, which, according to sunspot indices, was the most active in the
last two cenfuries.4 The model described in Section 3.0 permits flux events much
larger than those observed in the last cycle. The manner of computing doses at the
0.1 and 1.0 percent probability levels may be conservative. Finally, the statistics

at the low probability levels are fairly poor.

With the above cautions in mind, a few tentative conclusions may be stated with re-

gard to these Mars missions.

(1) On a mass thickness basis, polyethylene is a better shield than aluminum,

improving with increasing shield thickness.
(2)  The alpha hazard is smaller than the proton hazard in all cases of interest.
. . . 2
(3)  For the mission encountering the greatest hazard (1981),15gm/cm” of alu-
minum or 11 gm/cm2 of polyethylene reduce eye dose to 100 rads with
90 percent probability.
. . 2 . 2
(4)  During solar minimum, a 10 gm/cm” aluminum or 7 gm/cm” polyethylene
shield provides adequate protection against maximum permissible single

acute emergency exposure]4 with greater than 99 percent probability.

(5)  As probability of occurrence becomes smaller, the proton spectrum becomes




harder.

(6) For the mission encountering the greatest hazard, a 30 gm/cm2 shield

would not provide adequate protection with 99 percent probability.

Conclusions 5 and 6 may justly be regarded as questionable pending further investi-

gation of the Flare model .
2.3 LUNAR MISSIONS

The term "Lunar missions" is intended to include voyages at one astronomical unit
from the Sun and near the orbital plane of the Earth but effectively outside the mag-
netosphere. Synchronous orbital missions approximate these conditions. The vehicle
configuration is the same as that of the Mars missions. The duration of the Lunar mis-

sions is 14 days. The number of histories processed for each mission is 10, 000.

The same considerations and cautions applied to the Mars mission data generally hold
for the Lunar mission results. However, the statistical uncertainty in the 0.1 percent
prcbability curves is reduced. One feature of the Flare program mathematical model,
not discussed explicitly in connection with the Mars mission results, acquires great
importance in these shorter missions. The Flare program assumes a summer-winter asym-
metry in the occurence of solar flux events. The asymmetry parameter is set to 0.4,

A description of the summer-winter asymmetry option is given in Section 3.0. The
Lunar mission dates (June 1-14, 1969, January 1-14, 1970, and June 1-14, 1971)

are chosen to illustrate the effect of this asymmetry .

The proton and alpha fluxes computed for lunar missions are tabulated in Appendix D.

The doses computed from these fluxes are plotted in Figures E13 - E24 of Appendix E.

Several interesting features may be inferred from the graphs.



(1) Inno case is there a 50 percent or greater probability of receiving one

rad behind a one gm/cm2 shield.

(2)  For the mission encountering the greatest radiation hazard (June 1969),
al0 gm/cm2 aluminum shield reduces eye dose to 100 rads with 99 per-

cent probability.

(3)  For the same mission (June 1969), 16 gm/cm2 polyethylene or 22 gm/cm2
aluminum are required to keep eye dose below 25 rads with 99 percent

probability.

(4)  For the same mission (June 1969), 5 gm/cm2 aluminum will restrict abdo-

men dose to 25 rads with 99 percent probability.

As in the Mars mission results, polyethylene is a better shield than aluminum; the
alpha hazard is negligible for shields thicker than 5 gm/cmz; and the proton spec-

trum becomes harder with decreasing probability of occurrence.
2.4 EARTH ORBITAL MISSIONS

Eye and abdomen dose rates within the configuration of Section 2.1 are estimated for
circular orbits in the trapped radiation belts. These orbits have angular inclinations
of 0, 30, and 90 degrees and altitudes ranging from 150 to 15, 000 nautical miles.

The primary radiations considered include protons and electrons.

Radiation intensities are taken from orbital integrations of the AP 3 (proton) flux map
. 36, 37

and the projected 1968 electron environment furnished by James I. Vette ' These

flux spectra, integral in energy, are converted to spectra, differential in energy, by

means of the LSSC23 program. These radiation spectra are tabulated in Appendix D.

10




Proton eye and abdomen dose rates versus thickness are shown in Figures E25 - E28

of Appendix E for various altitudes and angles of inclination. Electron eye dose rates

versus altitude are shown in Figures E29 and E30 of Appendix E for two shield thick-

nesses and three angles of inclination.

11



3.0 FLARE PROGRAM

The Flare program is a Fortran IV, Monte Carlo code presently operating on the IBM
7094 and System 360/50. Its purpose is to provide an estimate, at various probability
levels, of the proton and alpha fluxes in space which arise from solar flares. To this
end, the Flare program processes a specified number of mission histories. The number
of days per mission may range from 1 to 1000. The program considers each day in turn
and determines whether a flux event occurs by sampling from a probability distribution
function (pdf). The proton flux above 30 MeV is sampled from another pdf. A spec-

tral parameter is sampled from a third pdf and this parameter also specifies the proton
to alpha ratio. The proton and alpha fluy, integral in energy, is com
energies; 10, 30, 50, 100, 200, 400, 1000 and 1500 MeV. Then 40, 70, 90, or
100 percent of these fluxes are accumulated depending on whether 0, 1, 2 or more

than 2 days remain in the mission. An inverse square correction is applied for inter-

planetary missions.

After each flux event, the presence of a "clustered" event is tested by means of sam-
pling. If a clustered event occurs, it is forced to follow the primary event by 2 days.

Again, the proton and alpha fluxes are determined and spread over a 4 day interval.

After each mission history is completed, the fluxes in each energy group are tabulated
according to magnitude. After all histories are completed, the tabulation is converted

to percent of histories which exceed certain flux levels for each energy group.

The mathematical model is based upon interpretations of data principally from the
nineteenth solar cycle, 1954 - 1964. The validity of the results is, of course, de-
pendent upon the validity of the data and upon the assumption that future activity

cycles will follow the pattern of the nineteenth.

EREGEDING, PAGE BLAKK NOT,; FILMED, "



3.1 FLARE PROGRAM DESCRIPTION

1,3,22,33,35 Allen4
states that sunspot activity is known with high reliability back to about 1830, with
fair reliability to 1749, and with low reliability to 1700. The cycle is approximately

There appear to be well established patterns of solar activity.

11 years in duration, varying from 8 to 14 years. Prior to 1700, direct evidence of
the solar activity cycle is not available; however, indirect observations implying cy-
clical patterns are available. An 11 year pattern has been found in tree rings which
may be related to the solar cycle, though the causative mechanism has not been clear-
ly defined. Brooksls has found that a negative correlation exists between tropical
temperature and sunspots, a positive correlation exists between pressure contrasts and
sunspots, and a positive precipitation correlation exists where the pressure correlation
is negative and vice versa. Baktai et cllo have detected a seven year cycle in pet-

rified tree rings from 25 to 30 million years ago.

Various efforts have been made to study the relationship between sunspots and solar
flux event (SFE) secondary characteristics such as polar cap absorption (PCA) and geo-
2,6,8,20

magnetic storms. The correlation coefficient is generally determined to be
about 0.732, a significant but not conclusive level. It is doubtful that hazardous
SFE's achieve better correlation. Indeed, Warwic:k:39 and Bciley8 have pointed out
that the major SFE's of the nineteenth cycle occurred on the ascending and descend-

ing portion of the sunspot cycle, with no large events at the maximum.

Recently Gnevyshev20 has shown a correlation between coronal glow and geomagnetic
activity which reaches a value of 0.98. This very high correlation is understandable
if the plasma storms which cause geomagnetic storms excite the upper reaches of the
solar atmosphere as they leave the sun. It is reasonable to inquire whether high ener-
gy particle eruptions also follow the coronal cycle. No serious attempt has been made
to verify such a relationship in the present study. However, since the coronal cycle

is double peaked in the 11 year sunspot cycle with two to three years between the two

14




peaks of a cycle, 7120 the hypothetical relationship should be apparent from data on

SFE's. The best documented characteristic of SFE’s is found in the records of PCA's.

The tabulations of PCA's published by Malitson and Webber, 2 and by Bailey are com-
bined and plotted as a bar graph in Figure 3-1. Here, the PCA's are collected in year-
ly increments. The plot suggests a possible double peak. The smooth curve fitted to
the bar graph represents the sum of two beta distributions with an arbitrary minimum

set equal to three percent of the largest maximum.

. 6
A possible seasonal effect has been suggested by Anderson.” Such an effect has been
sought in the present data. Despite reiativeiy poor siaiisiics, a winter—summer asym-

metry does appear as shown by the bar graph of Figure 3-2.

The difference between the average number of winter SFE's and summer SFE's over ten
years of the nineteenth cycle has been tested by the "t test of significance between

two sample means for paired vc:ricates.2<s The probability that this difference is ran-

dom is iess than 0.12. Over the five most active years, the probability that this dif-
ference is random is 0.032. These results indicate that the winter-summer asymmetry
should not be ignored. In order to realize this asymmetry, a sinusoidal variation is

imposed on the pdf as shown in Figure 3-2.

The smooth curve of Figure 3-1 is constructed from the sum of two beta distributions

as shown in Figure 3-3,

F(t) = f] (t) + f2 1) O0<t <1 (3-1)

where

f (1)

]

kt® (- t)B, and
number of days from start of cycle/4017.

_..
I

The three constants for each function are computed from input datq; t], f2, t3, Yyr

15




JTDAD HL6L FHL NI SINIAT XN ¥VIOS [-€INOIA

108 A
8961 /961 9961 G961 V961 €961 2% 1961 0961 6661 8661 /G601 9G61 GG61 P66l
0
TNy
7 14
8
Al
Z ©°
S —
91 m.
Q
/ 7 0¢ _W
_/ z
Ve
8¢
A
9t




8961

Y70 =D - AYLIWWASY ¥3INIM-4IWWNS ONIMOHS I1DAD HL61 IHL NI SINIAI XNT4 dVIOS Z-€ 3INDI4

£961

9961

G611 ¥961

€961

(A

SLERY
1961

0961

6561

8561

£G61

9561

N ——

1

[

G661

¥G6l

0l

¢l

14

9l

8l

SjuaAj JO J3qunN

17



SNOILNEN1SIa V139 OML 40 WNS €-€ 3¥NOIA

18




Y or and Y3 The first beta distribution is determined by the values f], t3, Yy and

Y3

B0 =y = k(-

The derivative of y () at f] is zero; this condition permits the evaluation of & in terms

of B and f].

o= — (3-2)

At H and tyr respectively,

]
.
+

7 ]

I
=
-

Y3 3
Dividing, taking logarithms, and solving,

In (y4/y,)

t] -t
—]-—_-t—]' ln(f3/f])+|n ]—f

B= (3-3)

3
]

Finally,

"

k = —— 3 (3-4)
t] (1 —r])

The second beta distribution is determined in a similar manner using t2, f3, Y or and
3+ Because the probability distribution function is too small near the endpoints of

Figure 3-1, these values are raised to three percent of the highest peak.
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A sinusoidal variation, to depict the summer-winter asymmetry, is imposed on the

above probability distribution function in the following manner.

F(t) = (f] (1) + f2(t)) (1 + Csin (wt + 1)) (3-5)

where

w = 22m, and

-m/2.

The constant "C" is termed the summer-winter asymmetry parameter. A value of 0.4
produces the curve shown in Figure 3-2. The pdf, F (t), is normalized to the number

of primary solar flux events during the solar cycle.

The occurrence of a solar flux event on any given day of a mission history is deter-
mined stochastically from F (t). If an event occurs, the Flare program selects the
magnitude of the flux greater than 30 MeV from a pdf. The "size" pdf is construct-
ed from the tabulated fluxes in Appendix A. The events for which no fluxes are in-
dicated in Appendix A are assumed to have integral fluxes between IO6 and 107 par-
ticles per square centimeter above 30 MeV because the sensitivity threshold of the in-
struments measuring PCA's lies in this range for fairly short events. Gregory2] states
that radio backscatter techniques are much more sensitive than riometers. A list of
1960 SFE's detected by the radio backscatter technique but not detected as PCA's is
given in Appendix B. In the present study, such events are assumed to have integral
fluxes between 105 and 106 pcwrticles/cm2 above 30 MeV. If the ratio of 1960 events
with fluxes greater than 105 to those with fluxes greater than 106 is applied to all
PCA events in the nineteenth cycle, then the total number of events with fluxes great-
er than 105 is approximately 250. These data are plotted on Figure 3-4. The points
lie approximately on a straight line on a log-log scale. The cumulative distribution,

G (9), versus flux, &, of Figure 3-4 may be expressed as:

G(¢) = H @Q + constant (3-6)
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The differential distribution is:

g(@® = HQa¥ ™! (3-7)

The constants H and Q are evaluated from the following equations.

G(0%) =250 = ["HQeY " ' de = -0 10°®
10°

G(0) = 5 = ["HQe? Tdg = -H 1079
10°

With the values of H and Q determined, it is now possible to sample from the normal-

ized cumulative size distribution function above 105 P/cm2 per flare.

R= [PHax¥ Tdax = He® -1 10°%, (3-8)
10°

where R is a random number from the uniform distribution between zero and one. This
distribution would occasionally select very large SFE's. In the present study, the max-

. .. . 11 .
imum size is restricted to a value of 10" ', many times the largest observed. By mod-

ifying Equation 3-8,

[Prax® T
10° H R -H 10°

R = — = T 5 (3-9)
10 H10'Q _H 10
fs HQxQ ! gx
10

or
1/Q

é = [R(IOHQ-IOSQ) + 105Q] (3-10)
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The value of & given in Equation 3-10 refers to time-integrated proton flux above

30 MeV for one flare.

The problem of determining the proton spectrum for a given flare is made difficult by
a scarcity of data. The spectrum of the time-integrated flux may be exponential in
rigidity or occasionally power law in energy. It is not yet feasible to demonstrate
spectral dependence on flux magnitude. In this study all spectra are assumed to be
exponential in rigidity from 10 to 1500 MeV and independent of the size of the event.
The former assumption is probably not valid below 30 MeV. The available data for

31 time-integrated spectro4o are plotted in Figure 3-5. Here, the number of flares
with characteristic rigidity greater than P, is plotted versus P, where P, is defined
as:

-p/P,
¢(p) = <Ii° e (3-11)

The points exhibit a reasonably small scatter about a straight line so it is possible to

represent the cumulative number of flares, N, versus P, as:

In I:N(po)] = apo+b (3-12)

The observed values of P, range from 50 to 270 MV. Arbitrary bounds of 40 and 300
MV are imposed in this study. The constants a and b are evaluated using points ob-

tained from the straight line on Figure 3-5.

In [N (o) ]
In [N(300)]

In (40) = a -40 + b

In(.37) = a - 300 + b.
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Let

« = In(40/.37)
= T

Then a = -K, (3-13)

and b = In 40+ 40 K; (3-14)
: _ K {40 - p,)

thus, N (po) = 40 e o’ (3-15)

Differentiating, integrating, truncating, normalizing, and setting the pdf cqua! o g

......... o

random number as before,

p
Q
[ a0k (0= X gy
R = 43%0 (3-16)
T sokeK @0-X)
40
which reduces to
_ 260 .37
Po =40~ @73y I [‘ “RO- o5 ] (3-17)

as a means of selecting Py

Determination of the alpha particle component of solar flux events is based on asmall-
er body of available dcfc4o than parameters derived heretofore., Where data is avail-
able, the alpha spectrum, integral in rigidity, is usually parallel to the correspond-
ing proton spectrum for the same event. Thus, the same value of P, Mmay be used for

protons and alphas. Webber4O presents the data plotted in Figure 3-6. This plot shows
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that the proton to alpha ratio approximates a power law function of Py (averaged over
an event) for the nine cases studied. For Py less than 80 MV, the proton to alpha ra-
tio is unity. Note that for a given rigidity p, the proton flux, integral in rigidity,

above p is a factor of P/ larger than the alpha flux, integral in rigidity, above the

same rigidity. Given the value Py from Equation 3-17, the P/a ratio from Figure
3-6 is:

P/la = 1 4OSpos80
In (p°/80) In 60
P/v = exp v (275780) 80 < P, < 300 (3-18)

With the aid of the model described above, the proton and alpha spectra, integral in

energy, may be derived.

The Flare code determines the value of such spectra at eight energies; 10, 30, 50,
100, 200, 400, 1000, and 1500 MeV. Rigidities corresponding to these energies are

computed for the protons as follows:

p. = (Ei2 + 2 +938.21 Ei)]/2 . (3-19)

For the alphas, the equation is:

P = : (Ei2 + 2372723 Ei)‘/2 . (3-20)

If the value of proton rigidity corresponding to 30 MeV is denoted as P3or then the

proton flux, integral in energy, at E‘i is:

®p () =5 (p) =dp(py) e . (3-21)
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The alpha flux, integral in energy, is

(Pag - P.)/P
) ) ¢P (P30) . 30 " "o
o o pi P/a

(3-22)

The Flare program assumes that the probability of encountering an SFE is independent
of distance from the Sun. The flux intensities, derived above, may be attenuated by
an inverse square law if desired. For this purpose, an elliptical transfer trajectory

may be specified for the trip from the Earth to a planet together with a second ellip-
tical trajectory for the return trip. The Sun is at one focus of both trajectories. The
influence of other bodies in the solar system is ignored. The method used to compute
the distance from the Sun to the vehicle as a function of time is derived from a pro-

17
gram  originated at the George C. Marshall Space Flight Center, NASA.
The distance from the Sun to a point on the trajectory in polar coordinates is:

a(l -e¢)

" Trecos (523
where
a = semi-major axis of ellipse,
€ = eccentricity of ellipse, and
6 = initial angle in polar coordinates.

A variable, y, may be defined:

a-r € -~ cos A
= = 3-24
Y ae 1+ € cosH ( )

Time, expressed as a function of position, is:
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03/2 L =1{ VI - €2 sin 6 Vi - 62 sin 6

b= 1/2 sin 1+€cos8] “1T+¢€cosB (3-25)

which transforms to

= c|3/2 “-1/2 (cos-] y-¢€ V1 - y2) (3-2¢6)

with

y-]/z = 58.18 dcys/(A.U.)3/2.

Given a value of t, a value of y is obtained by Newton-Raphson iteration. The dis-

tance and angle for each day of the trajectory may be obtained from y.

(1) = all-cy) (3-27)
6(t) = cos | &ﬁ@%) (3-28)

A subroutine of the Flare program computes the values of r for each day of the mis-
sion. The input data required for this calculation includes initial and final values of
the time, t, in Julian days and the polar angles, 8, in degrees, plus the eccentricity

for each leg of the mission. A Julian calendar is presented in Appendix C.

Having determined the occurrence of an event, its magnitude, and integral spectrum,
the total flux for this event is distributed over a four day interval, 40 percent on the
day of onset, 30 percent on the day following, 20 percent on the third day, and 10
percent on the fourth day. However, if the mission terminates on any of the first three

days, the flux assigned to following days is neglected.
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The occurrence of an SFE may herald a series of similar events. The data in Appen-
dices A and B indicate that 75 percent of the primary events are followed within four
days by a "secondary" event. Calculations based on the SFE occurrence pdf show that
only one third of these clustered events may be attributed to chance. Hence, the
Flare program forces a secondary event to follow, in two days, a primary event ap-

proximately 50 percent of the time by a stochastic process.

The fluxes in each energy group are accumulated for each mission history. After each
history is processed, the magnitude of the integral flux above each energy is tabulated
in intervals ranging from 102 to 8 - 10]2. At 10 and 30 MeV, each event will produce
at least 0.4 - 105 protons per square centimeter because }05 is the smallest flux sam-
pled at 30 MeV, and only 40 percent of the flux is accumulated on the last day of the
mission. After all histories are processed, this tabulation is converted to percent of

missions which exceed various flux levels for each energy group. Sample output is

shown in Appendix G.

The computer time required by the Flare program may be estimated as follows. A quan-
tity termed mission days is obtained by multiplying the desired number of mission his-
tories times the number of days in the mission. The time in seconds required by the
IBM System 360/50 is the number of mission days divided by 800. The IBM 7094 will

require less time.

3.2 GLOSSARY OF INPUT DATA TERMS

RND the initial random number, a 10 digit odd number

HEAD the heading information which may be used to identify each case,
columns 1 through 72 are available

T the number of days from the start of the solar cycle at which the
first activity peak occurs (see Figure 3-3), 0 < Tl = 4017

T2 the number of days from the start of the solar cycle at which the

second activity peak occurs (see Figure 3-3)
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T3

Y1

Y2

Y3

SEC

SIZE

NHIS

JLE

JRE

JAP

JLP

THI

TH2

TH3

the number of days from the start of the solar cycle at which the
two beta distributions cross (see Figure 3-3)

the relative height of the first peak (see Figure 3-3)

the relative height of the second peak (see Figure 3-3)

the relative height of each beta distribution at T3 (see Figure 3-3)
winter-summer asymmetry parameter, the recommended value is
0.4

the probability of a single clustered event following a primary
event in two days, the recommended value is 0.5

the number of solar flux events in a solar activity cycle relative
o the number in the ninefeenih cycie, a valuve of uniiy is used in
the present study

the number of mission histories to be processed by the Monte Carlo
re program. |f NHIS is negative, the SFE probability will be
calculation will be omitted

the Julian calendar day of the start of the mission

the Julian calendar day of the end of the mission

the Julian calendar day at which the vehicle arrives at another
planet. A value of zero causes the solar distance to be set to
unity for each day of the mission

the Julian calendar day at which the vehicle leaves another plan-
et. If JAPis zero, JLP may be omitted

the angle in degrees between the Earth-Sun line and the major
axis of the outbound elliptical trajectory at departure time, JLE
the angle in degrees between the target planet-Sun line and the
major axis of the outbound elliptical trajectory at arrival time,
JAP

the angle in degrees between the target planet-Sun line and the
major axis of the return elliptical trajectory at departure time,

JLP
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TH4 the angle in degrees between the Earth-Sun line and the major
axis of the return elliptical trajectory at arrival time, JRE
El the eccentricity of the outbound elliptical trajectory
E2 the eccentricity of the return elliptical trajectory
3.3 INPUT DATA PREPARATION

The following cards follow the / DATA (360) or the $ DATA (7094) card.

CARD TYPE 1 Columns 1 - 10 contain the initial random number, RND. Format
(110).

CARD TYPE 2 Columns 1 =72 contain heading information, HEAD. Format (18A4).

CARD TYPE 3 This card specifies T1, T2, T3, Y1, Y2, Y3, and C. Format
(7E10.1).

CARD TYPE 4 This card specifies SEC and SIZE. Format (2E10.1).
CARD TYPE 5 This card specifies NHIS, JLE, JRE, JAP, and JLP. Format (5110).
CARD TYPE 6 This card specifies THI, TH2, TH3, TH4, E1, and E2. This card
is omitted if JAP is zero and all Sun-vehicle distances will be set
to 1.0 A.U. Format (6E10.1).
NOTE: Additional cases may be run by repeating from Card Type 2.

3.4 FLARE PROGRAM OUTPUT

The Flare program prints the information contained in HEAD and the input data. |t
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then gives the percent of mission histories which encountered no solar flux events,

A table whose columns are labeled T, R, and F follows. The quantity T refers to the
day in the solar activity cycle in which the mission takes place. The quantity R is
the Sun-vehicle distance in astronomical units. If JAP is zero or if NHIS is negative,
R will be set to unity. The quantity F is the probability of encountering a primary
solar flux event on that day (see Equation 3-5). Following this table, the input ran-
dom number, the first random number of this case, and the last random number of this
case are given. Finally, tables of proton and alpha integral flux probabilities versus
flux and energy are presented. Sample problem input and output are shown in Appen-
dix G. The first set of flux probability tables is produced by the IBM 7094. The sec-
ond set is produced by the iBM System 360/50. The results differ because diff

random number routines are used.
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4.0 DOSE PROGRAM

The Dose program calculates proton, alpha, and electron physical doses (or dose rates)
at points associated with a geometric configuration. The doses due to proton and al-
pha induced secondaries are included in these estimates; however, no bremsstrahlung
calculation is attempted. This program obtains the geometric data from a magnetic
tape generated by the Geometry program (The Geometry program is described in detail
in Section 3 of Volume II). The flux data, range parameters for the materials invol-
ved, and other data applicable to the various materials in the configuration are input

directly.

The Dose program approximates the proton and alpha input spectra, differential in en-
ergy, with from one to one hundred power law representations over the energy range
of interest for each radiation type. The electron spectrum is treated in tabular form.
Proton and alpha particle attenuation through shield materials is accomplished by the
same technique described for protons in Section 5, Volume Il. This method is des-

cribed again in Section 4.1 of this volume for the reader's convenience. The elec-

tron transmission calculation is presented in Section 4.2.

The degree of accuracy of these transmission calculations has been established only
for protons (Sections 5 and 5.1, Volume Il) and electrons; sufficient data pertaining
to alpha transport is not presently available. The accuracy of the proton dose calcu-
lation is dependent on the incident proton spectrum, the shield materials, and the
total thickness. In comparison with the Lockheed Proton Penetration Code (LPPC), 23
the proton dose calculation differs by less than 7 percent from 0 to 100 gm/cm2 of
iron, less than 7 percent from 0 to 100 gm/cm2 of water and less than 3 percent from
0 to 100 gm/'::m2 of aluminum. Dose calculations involving multi-layer shields of

2) differ from LPPC re-

sults by no more than 2.4 percent. The electron transmission calculation is compared

aluminum, iron, polyethylene, and tissue (totalling 20 gm/cm

1,12

. 1 . .
with the work of Berger and Seltzer; number transmission and transmitted energy

spectra for thin shields are exhibited in this comparison.

35




4.1 PROTON AND ALPHA DOSE CALCULATION

An expression of the physical dose or dose rate at a detector is given by:

Si(E)

]

H

N
K z o [ B(X; B) - P(X, B) - S (E)E;  (4-1)

dose (rad) or dose rate at the ith detector,

energy deposition-to-dose conversion factor,

ith solid angle of the ifh detector,

penetration lengths (gm/cm2) through all materials in i™ solid
angle of the ith detector,

correction factor to account for nuclear collision losses of primary
particles with energy E and the production and attenuation of sec-
ondary radiations,

particle flux, differential in energy, arriving within the ith solid
angle of the ifh detector, and

particle stopping power in the ]fh detector material .

Each of these factors is discussed in turn. The approximations required for computa-

tional purposes are illustrated and the transport equations used in the code are detailed.

The basic dose unit is chosen to be the rad. A physical dose, Di, is calculated rather

than a biological dose because information on RBE for the radiations of interest is rath-

er sparse. The use of physical dose units also permits components other than biologi-

cal specimens to be treated, e.g., photographic emulsion and semiconductors.

The factor, K, converts energy deposition in the detector to dose units. For example,

if the units of stopping power are Me\/-cm2/gm and the units of time-integrated par-
. , -8
ticle flux are p/cm2-MeV—sfer, the value of K is 1.602 x 10 =~ rad-gm/MeV. If




. . 2 .
particle flux is given as p/cm”-sec-MeV=ster, the dose rate may be computed in terms

of rad/hr with K equal to 5.76 x 10-5 rad-gm-sec/MeV-hr.

The quantity, Oii' represents an incremental solid angle about a vector emanating
from the detector. The vector possesses direction cosines o, 8, and v. The maxi-
mum size of Qi' is specified by input data to the Geometry program. Generally, a
maximum of 0.2 steradians, generating approximately 100 incremental solid angles,

has proved satisfactory.

The quantity Xi. in Equation 4-1 represents shield penetration lengths along the vec-
I
for in &2... The representaiion is symbolic. Actually, the code treats radiction trans-
d|
port through each layer in sequence in a multi-material shield configuration starting

at the outside and going to the detector.

The radiation transport method used in Equation 4-1 makes no explicit reference to
the generation and attenuation of secondary radiations, nor to the attenuation of pri-
mary particles due to nuclear collisions. To some extent the lack of generating sec-
ondary nucleons compensates the lack of attenuation of the primary particles by nu-
clear collisions which generate the secondaries. In order that the error resulting from

this assumption may be corrected, a factor, B(Xii' E), is included in Equation 4-1.

M
B(Xii' E) = y E‘ ] exp(€ Xiik . Ak/27) (4-2)
xiik = kfh material thickness in ith solid angle for the ith detector;
Ak = material-dependent parameter (effective atomic weight);
€ = .00125, protons; and
€ = .050, alphas.

The value of € for protons is derived from comparisons of Dose program results with
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LPPC results. The value of ¢ for alphas is estimated indirectly because no transport

code similar to LPPC exists for alphas.

Figures F1 through F5 of Appendix F present neutron yield cross secfionsBo’ Sl for pro-
ton and alpha particles incident on manganese-55, nickel-58, nickel-62, iron-56,
and copper-63. The curves represent the sum of the listed cross sections, each of
which are multiplied by the neutron multiplicity for that reaction. These data are,
for the most part, derived from activation measurements and are not comprehensive.
The neutron yield should rise with increasing energy below 50 to 100 MeV, as shown
in Figure F6 for alpha inferoctions38 with gold-197 (the Coulomb barrier favors neu-
tron production in heavy neclei). Based upon the incomplete data cited above, the
assumption is made that neutron yield from alpha interactions is twice the yield from

proton interactions per target nucleus.

The data for charged particle production are also scanty. Bc:iley9 gives proton yields
from 190 MeV proton and 205 MeV alpha bombardment of aluminum and silver. For
aluminum, alphas generate two times more secondary protons above 10 MeV than do
protons (secondary protons below 10 MeV generated in the shield do not contribute

significantly to the dose). For silver, the ratio is one third.

An indirect measure of the ratio of alpha produced secondaries to proton produced
secondaries is available from radiochemical data. Korteling and Hyde27 have mea-
sured the yield of 13 radioisotopes resulting from alpha and proton bombardment of
niobium-93 at 320, 500, and 720 MeV, as shown in Table 4-1. Crespo, Alexander,
and Hyde]8 have measured sodium-24 and magnesium-28 yields from 700 MeV alpha
and proton bombardment of copper, silver, gold, and uranium as shown in Table 4-2,
The data of Tables 4-1 and 4-2 show o factor of approximately two in the ratio of al-
pha and proton produced radioisotopes for medium to heavy nuclides in the energy
range 300 to 700 MeV. It is not unreasonable to assume that these ratios are repre-

sentative of the unreported daughter isotopes. |f the daughter isotopes result from
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TABLE 4-1

PRODUCTION CROSS SECTIONS FROM ALPHA BOMBARDMENT OF NIOBIUM
AND RATIO OF ALPHA TO PROTON INDUCED CROSS SECTION527

| 320 MeV 500 MeV 720 MeV
Nuclide % ) | 0,/ [ o, mb) [a /o |0, mb) | o /o
Nb-90 | 129. 2.33 | 9.2 | 2.03 | 83.5 2.24
Nb-89 | 46.8 213 | 3.5 | 1.9 | 27.8 1.99
zr-89 | 111, 1.84 | 8.4 | 1.8 | 73.9 .90
zr-88 | 145. 2.01 | 105 1.92 | 93.1 2.19
2e-87 | 92.2 215 | 658 | 1.9 | s5.9 2.12
Cu-67 0108 | 2.05 0715| 2.42 166 | 1.38
Cu-64 73 | 1.65 45 | 197 | 434 .54
Cu-61 .0442 1.28 .65 1.55 2.59 1.49
Ni-66 .00106 2.76 .0073} 2.53 .0192 2.29
Ni-65 .00607 1.91 .0408] 1.83 21 1.92
Ni-57 .00554 | 3.03 036 | 1.94 143 | 1.94
Na-24 0432 | 2.89 3 | 2.62 300 | 2.29
No-22 0468 | 2.92 .0864| 3.34 49 | 2.27
Average 2.23 2.15 1.97
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TABLE 4-2

PRODUCTION CROSS SECTIONS FROM 700 MeV ALPHA BOMBARDMENT

AND RATIO OF ALPHA TO PROTON INDUCED CROSS SECTIONS]8
Na-24 Mg-28

Target ,
o, (mb) (70{/0‘p o, (mb) Urv/op
Cu .698 1.9 - .091 1.85
Ag .227 2.27 .026 2.17
Au .308 2.28 .102 1.85
u .502 2.18 .238 2.07
Average 2.16 1.99

similar de-excitation processes for alpha and proton bombardment, then the ratio of
alpha produced secondaries to proton produced secondaries should be approximately

two.

In this study, the assumption is made that alpha interactions generate twice as many
charged and neutral secondaries per target nucleus as protons. Further, it is observed
that the majority of particles in a typical flare spectrum will be stopped in the first
gm/cmz. For a given initial energy, proton range is ten times alpha range. Thus,
the secondaries generated by alphas are approximately 2/10 those generated by pro-
tons for identical alpha and proton spectra in shields thicker than a few gm/cmz.

This ratio may be realized by setting the quantity €, of Equation 4-2, to 0.05 for

alpha fluxes.
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. . . ofh
In order to compute the particle flux, P(Xii' E), arriving at the | detector through

tho - . . .
the i solid angle, it is necessary to consider the range relations for particles pene-

trating a multi-layer shield. The range is approximated by Equation 4-3, 16
R(E) = =g - In(1 + 2bE) (4-3)
where
R(E) = nparticle range at energy E, and
a,b,r = parameters (particle dependent).

Values of a, b, and r are presented in Volume | of this report for a variety of mate-

N O R B | | R S P
TQaid 101 0oo1rn proron anu aipna Puliluleb.

articla  with enarav F b
a < wiin CSnherl

n e
pParics 7 gy ....I, oy-

R(Eo) = X +R(E,) (4-4)

or

a reo_ a r _
%5 In(1 + Zon) =X+ 5 In(1 + 2bE] ) (4-5)
Solving Equation 4-5 for Eor:
r r
EO = A+ BE] (4-6)
where
B = exp(2bX/a)
_ B-1
AT T

Equation 4-6 relates the exit energy to the incident energy for particles penetrating

one material .
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The above treatment may be readily generalized to multilayer shields. Given two
layers, Xl and X2, of different materials, the exit energies E, and E, are related

1 2
to the incident energy Eo by:

A +B E (4-7)

m
Il

m
]

A, +B.ES. (4-8)

Substituting Equation 4-8 into 4-7,

r r
B, = Ayt B A B B E)

or (4-9)
r , e T
E° A'+B E2 .
For M layers
r 1 ' r -
Eo = A'+ B EM , (4-10)
where
B = B 82 B3 BM’
A = AI+A2BI+ASBIBZ+""+AMBIBZ""BM—I’
Bk = exp(Zbk Xk/ak), and
Ak = (BI< - l)/2bk.

It should be noted that the value of r is assumed to be material independent in the

above treatment while a and b are material dependent.
: . . .th .th .
The particle flux penetrating the shield along the i vector of the j = detector is re-

lated to the incident flux by Equation 4-11. This equation presumes conservation of

particles. Corrections due to nuclear interactions and secondaries are discussed above.
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P(xii' EM) dEM =P(0, Eo) dEc> (4-11)
The exit energy, EM’ as determined from Equation 4-10, must be non-negative.

The incident flux over an energy interval, EI to El MY is represented by a power

law expression:

E , E, <E <E
() | f}

PO, E) = H, L (4-12)

One to one hundred intervals may be used over the entire energy range.

The differential of Equation 4-10 is:

] -r

] ] r
dE_ = (A'+B'E,) dE, , - (4-13)

The flux at the detector is obtained by substituting Equations 4-10, 4-12, and 4-13
into 4-11.,

l-ql-r

r
e =1, e T _
P(xii' EM)dEM = HI B EM (A'+B EM) dE (4-14)

with the restrictions

(4-15)
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,E*

|+]=Max 0,

(4-15 cont'd)

The stopping power of the detector material is given by:

si<EM)=m‘3— ,
(&),

dE
M

where, from Equation 4-3:

dR(E) _ ajrj Eri -

de (1 + 2bj E)

1

or

1+ 2 €'l

S.(E) = —

| (4-16)

ajri E

Here, the parameters a, b, and r are subscripted with the detector subscript, j, to

indicate that energy is deposited in the detector material. Note that a single value
of r must be used for computing slowing of a particle through all shield materials but
an optimum value may be used to compute energy deposition by a particle in the de-
tector material to improve accuracy. In general, the values of the parameters q, b,

and r will differ with particle type.

Applying Equations 4-2, 4-14, 4-15, and 4-16 to 4-1, the dose at the ifh detector

may be written as follows:

L-1

-Ak/27) z Hl'II(E* E¥

PE ) @17)

N M
D.=K:- T Q.. TI exp(eX..
-1 = itk | =1
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For non-zero shield thickness,

l-ql-r
E Tl areE S (1 + 26i €.
M M I Em
ri=-1

M

*
&

* * - ]
II(EI’ EI + l) =B ;[
B

+ 1

dE *
ajriE M

(4-18)

The following change of variable transforms Equation 4-18 into a form involving in-

complete beta functions.

r

- e ' M B (-1
A'+ B'E,,

which leads to

II(EI*, EI‘"+ ]) = Ko [:ﬁaz(u, v)-ﬂa (u, v) + K]B(y (v', v') - KlBor (v, v'):l

] 2 ]
(4-19)
where
2- q - ri

r
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F-rj=r
u
.
ql +tri-2
v =
v
, 1+
U =
T
ql'z
v' =
r
_ e
o, = Max _O,I—AE|+]:|
B -r
a, = Max | O, l-A'El]
L.

EI and EI L ore specified by Equation 4-12,

The incomplete beta function is evaluated by:

v
B (v, V) = Y LE(u, T1-v, u+], @) (4-20)

U

for 0 < a < 1 with v negative and for 0 < & < 1/2 with v positive. If v is positive
and 1/2< @ <1,

= (- -T(v) - 4-2]
ﬁa (UI V) - P(U + V) ﬁ] -« (Vr U)' ( )
Here, F(a, b, ¢, x) is the hypergeometric series.
o, by ¢, xy= 1+ 28 oy 2lat Dbl (4-22)
¢+ B, € X) = c cc + 1) 1 < v

The hypergeometric series is truncated at a point where the last term does not contribute to
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the eighth significant figure.

For zero thickness shields or for high energy particles penetrating thin shields, Equa-

tion 4-18 takes the following form.

El*+l ]—ql-ri o
[k - (1 + 20jE"") dE (4-23)

*
&

Bl

aj rj

* * -—
II(E’EI+1)-

The code evaluates analytical solutions of this equation for all values of the exponents.

R . .th Eo e e, Lo
Ihe dose at the | detector is obtained by means ot tquation 4-17, using 4-18 or

4-23 as appropriate.

4.2 ELECTRO

z
©
O
W
m
0
>
-
0
cC
=
3>

The expression for the electron physical dose or dose rate at a detector is given by:

E
=Kz 0, [TeE)TX ¢, ¥ s € - D%deder (424
i ° o

where

= dose (rad) or dose rate ot a detector (detector subscripts are omitted),

K = energy deposition-to-dose conversion factor,
: = ifh solid angle,
E* = incident electron energy,
E = exit electron energy,
® (E*) = incident electron flux - e/cmz-MeV-sfer-(sec),
X = shield thickness - gm/cm2,
T(X, E*) = electron number transmission factor,
S(E) = stopping power - MeV-cmz/gm,
Co = normalization factor, a function of X and E*,
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E = upper energy of transmitted electron spectrum arising from elec-
tron with original energy E*, a function of X and E*, and
a,B = parameters defining shape of transmitted electron spectrum, func-

tions of X and E*.

The transmitted electron spectrum, arising from incident electrons with energy E*, is
. o e . o

assumed to have a shape given by the beta distributior , E'B (EU -E) .

For the purpose of electron transmission, multi-material shields are simulated by

equivalent aluminum shields. The equivalent aluminum thickness is obtained by the

following relation:

X - opox Xkl
Al eq K= k Ak ZAI
where
XAI eq equivalent QIL:rI:mum thickness - gm/cm’,
Xk thickness of k' layer,
Zk’ Ak atomic number and weight of material in the kth layer, and
ZAI’ AAI atomic number and weight of aluminum.

The electron number transmission factor is computed using;

C;
T(X, E) = exp (-(c] E) ) (4-25)
where
¢, = (58513188, ang
C, = -14.5.134

This empirical equation was derived by Mor29 using Monte Carlo data. The equa-

tion assumes normally incident electrons in the energy range 0.1 to 10. MeV.
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The electron stopping power in water (as an approximation to tissue) is expressed

analytically by the relation:

S(E) = A-E+B+C/E (4-26)
A = .061729277,
B = 1.6119395, and
C = .2460117.

. . . 13 )
This expression is obtained, from Berger and Seltzer's data, = by a least squares fit
? o o— - - . . .
of E - S(E) to A -E + BE + C. The maximum eiror of the cnalytic representation is

3.8% on the energy interval .025 to 10. MeV. A graph of E - S(E) versus E is shown
in Figure 4-1,

An analytical expression for electron range in aluminum, obtained by application of
. 13, .
the least squares technique to Berger and Seltzer's range data, '~ is given by the fol-

lowing relation:

alnE+b

R(E) = cE (4-27)
a = -.09391135,
b = 1.2204666, and
lne = -.60608292.

The maximum error of this relation is 7.4 percent on the energy interval .02 to 10.

MeV. The error curve is shown in Figure 4-2,

In the electron transport model, the assumption is made that the transmitted energy
spectrum due to an incident electron with energy E* has the form of a beta distribu-

tion,
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The upper energy limit, Eu’ of the transmitted spectrum is defined by:

V)

E = (2 R [R(E*) -x] + E*)/3; (4-28)

where

Rﬂ‘I (y) is the inverse range function.

The parameters oo and B are determined by two conditions: the maximum value of the
distribution occurs at the energy Ep' and the half-maximum value occurs at the en-

ergy EP - W. These conditions lead to the relations:

and

Ep is obtained from the empirical formula,

Ep= (1-g)9 -(.99 + ]9—0) ‘E (4-31)

and W is obtained from the empirical formula,

w= g" . € (4-32)
where

>
n

Min (1.85, 1.3 + 5.5g), and
X/R(E*).

«
I
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8

Because the transmitted spectrum, Co E (Eu - E)a, pertains to unit transmitted elec~

tron flux; then,

@ e o
C, | E (E,-B7dE=1, (4-33)

fromwhich Co may be determined.

Substituting Equation 4-26 and the value of Co into Equation 4-24, the expression

for the electron dose becomes:

D=KZ 0, [ &(@E")- TE, X)-

A-(/SJ+I)EU
[ a+3+2

+ B+ C.(ry?“/3+l)]_df*.

e W AY
(4—04)

Note that o, 8, and EU are functions of E* and X. The Dose program evaluates

Equation 4-34 for each detector.

The electron number transmission, T(’E*, X), is compared with the Monte Carlo data

of Berger and Seltzer. The comparison with sapphire (A1203)” is shown in Table 4-3;
the comparison with c1|uminum]2 is shown in Table 4-4. The maximum difference is
less than 10 percent. Thick shield data and data for materials other than aluminum
and sapphire are not available for comparison. The calculated electron transmission
spectrum, COEB(EU - E)a, is compared with the Monte Carlo results of Berger and
Seltzer for clluminum]2 and sapphire” in Figures 4-3 through 4-8. Whereas Figures
4-3 through 4-8 exhibit the transmission of monoenergetic electron beams, Figure 4-9

illustrates the calculated transmission of a continuous electron spectrum through sev-

eral thicknesses of aluminum.
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61



4.3 SPECIAL FEATURES

The Dose code treats an unrestricted number of detectors. The only limitation is im-
posed by the number of detector positions prepared by the Geometry code which also
treats an unrestricted number of detectors. The Dose code may be instructed to ig-
nore some of the detectors on the geometry tape and to rewind the geometry tape in

order to process the detectors again, possibly with a different input spectrum.

The detector dose calculations are performed vector by vector; therefore, the dose
may be tallied into solid angle regions specified by the user. The solid angle regions
may be discrete, nested, or partially overlapped. This feature permits the user to

check the relative importance of shield sections and determine the effect of streaming.

The Dose code is designed to facilitate parametric studies. Material densities may

be changed, even zeroed, with the "FF" values. This procedure effectively changes
material penetration thicknesses. The range parameters associated with material num-
bers may be altered. These two features permit changes in shield materials and thick-
nesses without preparing a new geometry tape. In this context, the term "shield"
refers to any set of volume elements in the configuration. These features, in conjunc-
tion with the capability of changing the input spectrum and rewinding the geometry

tape, permit extensive parametric investigations with one access to the computer.
4.4 DOSE PROGRAM DATA INPUT PREPARATION

In the following, the column headed "FORMAT" gives the DIP format control under
which this data is to be read, the column headed "NAME" gives the name of the
data array, the column headed "DIMENSION" indicates the number of words avail-
able in fast storage for the named array, and the column headed "DEFINITION" is

an attempt to describe the named data array.
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The NAME card for the following data set must be:

N3T, PHI, E, MAT, SA, SB, R1, HEAD, NPHI, NM, N2, ND, BIN, FDC, UNITS,
FF, AT, EE, NE, Fl, CA, CB, Z, AW, CC, NDM, AA, AB, ARl, EA, PHA, NPHA.

(See the description of the DIP program - Appendix A.1, Volume II)

FORMAT NAME DIMENSION DEFINITION
3 PHI (100) Free field proton flux (P/cmz-MeV-sfer.)
3 £ {100) Energies (MeV) associated with the tabulated

proton flux (PHI).

4 MAT (100) Material numbers (an identification number);
these numbers MUST match the material num-
bers (MVX) in the Geometry program. This
list should contain a material number only
once for each shield material number regard-
less of the number of times the material num-
ber appears in the geometric configuration.
The list should also include the material num-
ber of each detector; however, if more than
one detector is of the same material, the num-

ber need only be entered once. Detector ma-

terial numbers MUST be last in the list.

3 SA (100) Parameters associated with the proton range
3 SB (100) equation: R(E) = zib In (1 + 2bE"), SA= q,
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FORMAT NAME

3 R1

5 HEAD
4 NPHI
4 NM
4 N2
4 ND

DIMENSION

(100)

(20)

(1)

DEFINITION

(Continued)
SB=1b, and Rl = r, Table A5, Appendix A,

Volume |I.

The number of each of the parameters must
equal the number of MAT's and must be or-
dered to correspond to the materials in the
MAT list. All the R1's must be equal, ex-

cept those that pertain to detector materials.

Any set of alphanumeric and special charac-
ter information to identify the particular case

at hand.

The number of entries in the PHI-table (pro-

ton flux).
The number of entries in the MAT-table.

The logical number of the tape unit upon

which the geometry tape is to be mounted.

The number of detectors associated with this
particular geometry tape. (If ND is zero,
the program ends immediately with a memory
dump; if ND is negative, the program ends
with no dump. One of these methods should

be used to cease the calculations.)



FORMAT

W

NAME

BIN

FDC

LINITS

FF

AT

EE

NE

Fi

DIMENSION

(1)

(3)

(100)

(100)

(100)

(100)

DEFINITION

Hollerith information indicating the storage

location of the geometry tape.
Energy deposition-to-dose conversion factor.

Hollerith information consistent with FDC.

(Usually RAD/HR or RAD).

A facior, assccicted with each material, for
adjusting the density (or fhickness—gm/cmz)
of the material. The FF's must be in the same
"order" as the MAT's. A value of unity pre-
serves the penetration thicknesses computed

by the Geometry program.

A factor for adjusting buildup; this value
should approximate the atomic mass number
of the volume element with which it is asso-
ciated. AT should equal zero if buildup is
not needed. The AT's must be in the same

“order" as the MAT's. (See Equation 5-2)

Energies (MeV) associated with the tabulated

electron flux (FI).
The number of entries in the Fl-table.

Freefieldelectron flux (e/cm2—MeV—ster.).
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FORMAT NAME  DIMENSION DEFINITION

3 CA (10) Coefficients associated with the electron
3 CcB (10) stopping power equation: S(E)= A -E+ B
3 CC (10) + C/E. CA=A, CB=B, and CC= C.

(See Equation 4-26, Section 4.2). These

coefficients apply to the detector material.

3 Z (100) The "Z numbers" of the materials in the ma-
terials list (MAT). These numbers MUST be
in the same order as the materials in the list

(MAT).

3 AW (100) The "atomic weight" of the materials in the
materials list (MAT). These numbers MUST

be in the same order as the materials in the

list (MAT).
4 NDM ) The number of detector materials.
AA (100) Parameters associated with the alpha range
3 AB (100) equation: R(E) = % In(1 + 26E); AA=g;
3 ARI1 (100) AB = b; and ARl = r. Table A6, Appendix

A, Volume |.

The number of each of the parameters must

be equal to the number of MAT's and must be
ordered to correspond to the materials in the
MAT list. All the AR1's must be equal, ex-

cept those that pertain to detector materials.
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FORMAT  NAME

3 EA
3 PHA
4 NPHA

DIMENSION

(100)

(100)

(1)

DEFINITION

Energies (MeV) associated with the tabulated
alpha flux (PHA).

Free field alpha flux (A/cmz-MeV-ster.).

The number of entries in the PHA=table.

Control must be returned to the program after the above data are read.

The following data are input in a do-loop over the number of detectors, ND. The

NAME card associated with this data set is:

N4, NAR, POLA, AZIM, NSKIP

FORMAT  NAME

4 NAR

3 POLA

DIMENSION

(1)

(300)

DEFINITION

Number of angular regions. This indicates
the number of partial solid angle regions in-
to which the dose is to be tallied for the de-
tector of current interest. |f the sum of the
mutually exclusive partial solid angular re-
gions is less than 47, the dose in the remain-
ing solid angle is also tallied. The total
dose at the detector is calculated whether
NAR is zero or not. NAR must not be great-
er than 150.

The polar angle limits of the angular region -

lar I

Srarm A
WO LCI Gl ang:
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FORMAT NAME  DIMENSION DEFINITION

3 AZIM (300) The azimuthal angle limits of the angular

region - two azimuthal angles per region.

NOTE: All angles are in degrees and are positive; the lower limit must be the first
of the pair. The polar angles must lie between 0° (positive z-axis of con-
figuration) and 180° (negative z-axis of configuration) inclusive. The po-
lar angle lower limit must be less than the upper limit. The azimuthal an-
gles are measured counter clock-wise from the configuration positive x-axis.
The azimuthal angles must lie between 0° and 360° inclusive. The azimu-
thal angle lower limit need not be less than the upper limit. For example,
the data card to define two angular regions - (1), the first octant, and (2),
a special region defined by the polar angles 20° 1o 1600, and the azimuthal
angles - 45° 1o 450, will have the following format:

4NAR, 2, $3POLA, 0, 90, 20, 160, AZIM, 0, 90, 315, 45
FORMAT NAME DIMENSION DEFINITION
4 NSKIP n If this value is greater than zero, the current
detector is processed; if this value is less

than or equal to zero the current detector is

skipped.
Control must be returned to the program for each detector. After ND detectors are
processed and/or skipped, control returns to the first calling sequence which expects

a new NAME card and case data.

See sample input data listing in Appendix H.
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4.5 DOSE PROGRAM OUTPUT

A sample Dose program output is presented in Appendix H. On the first page of out-
put, much of the input data is listed. First is a list of the shield materials, by ma-
terial number (MAT), and their associated parameters: SA, SB, R1, AA, AB, ARI,

FF, AT, Z, and AW (See Section 4.4 for explanations of all input parameters). Next,
a list of detector materials, by material number (MAT), and their associated parame-
ters, SA, SB, R1, AA, AB, AR1, CA, CB, and CC are presented. Following the
detector materials list is the geometry tape storage location (BIN) and the energy dep-
osition-to-flux conversion factor (FDC). The units of FDC in this example are rad-
gm/MeV-sier because the units of flux are pcrticles/MeV—cmz- mission for all spec-
tra. Next, the alpha, proton, and electron spectra are displayed. For each spec-
trum, the energy and particle flux, differential in energy, is listed: alpha (EA(l)
and PHA(I)), proton (E(I) and PHI(I)), and electron (EE(1) and Fi(l)). Associated
with the alpha and proton spectra are the respective power law parameters Hi and

Qi for the expression HiE_Qi.

The results of the dose calculations are printed on a separate page for each detector
considered. The heading information from the input data HEAD is printed at the top
of the page. Below the heading is detector data from the geometry tape; this in-
cludes DHED (information input to the Geometry program), the detector coordinates
(XD, YD, and ZD), and the detector material number. Next, the detector identi-
fication number and dose units are displayed. The remainder of the page contains
the total proton dose, the total alpha dose, the total electron dose, and the total
bremsstrahlung dose (at present, there is no bremsstrahlung calculation); also the
doses, and their associated "weight fractions", are exhibited for each angular region
and the region (REMAINDER) not contained in any angular region. A "weight frac-
tion" is defined by:

AD/D
AO/4nm

weight fraction =
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where

AD

AQ

the partial dose for the radiation type in the angular region,

total dose for the radiation type, and

solid angle subtended by the angular region.
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APPENDIX A

Compilation Of PCA Events During The Nineteenth Solar Activity Cycle
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TABLE A1 COMPILATION OF SOLAR FLUX EVENTSS'28

1954 - 1963

Date Of Profons/cm2 %Jfrc;:é? Date Of Proi’ons/cm2 %me;é?

Event > 30 MeV (Days) Event > 30 MeV (Days)
1/17/55 2 9/2/57 5+ 7 11/2
2/23/56 1+ 9% 3 9/12/57 6+ 6 11/2
3/11 56 4 9/21/57 1.15+ 8 2
4/27/56 2 9/26/57 1
8/31/56 2.5+ 7 21/2 10/20/57 5+ 7 ]
11/13/56 1+ 8 2 11/4/57 9+ 6

1/20/57 2+ 8 21/2 12/17/57

2/21/57 2/9/58 1+ 7 ]
4/3/57 5+ 7 21/2 3/14/58

4/6/57 3/23/58 2.5+ 8 11/2
4/11/57 3/25/58 6+ 8 41/2
5/19/57 1/2 3/30/58
6/19/57 4/10/58 5+ 7 2
6/21/57 1.5+ 8 3 6/6/58

7/3/57 2+ 7 2 7/7/58 2.5+ 8 4
7/24/57 7.5+ 6 1/2 7/29/58 8.5+ 6 1
8/9/57 1.5+ 6 1 8/16/58 4+ 7 21/2
8/29/57 1/2 8/22/58 7+ 7 31/2
8/29/57 1.5+ 8 2 8/26/58 1.1+ 8 3
8/31/57 8+ 7 2 9/22/58 8.5+ 7 31/2

*The Sign And Digit Following Each Number Represent The Power Of Ten Multiplying
That Number.
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TABLE A1 COMPILATION OF SOLAR FLUX EVENTS 28

1954 - 1963 (Continued)

Date Of Protons/cm2 %Jfrcl:(i:o: Date Of Protons/cm l())ufroptci:?
Event > 30 MeV (Days) Event > 30 MeV (Days)
1/26/59 9/3/60 3.5+ 7 14
2/12/59 11/12/60 1.3+ 9
5/10/59 9.6+ 8 7 11/15/60 7.2+ 8 4
6/13/59 8.5+ 7 > 2 11/20/60 4.5+ 7 15
7/10/59 1+ 9 4 7/11/61 3+ 6
7/14/59 1.3+ 9 3 7/12/61 4+ 7 ]
7/17/59 9.1+ 8 7 7/13/61 21/2
8/18/59 1.8+ 6 7/15/61 1.25+ 7 3
9/2/59 1.15+ 7 2 7/18/61 3+ 8 21/2
10/6/59 7/20/61 5+ 6
1/11/60 6+ 6 4 7/28/61 4.4+ 6
3/29/60 6+ 6 ] 9/8/61 3+ 6
3/30/60 6+ 6 ] 9/10/61 3.75+ 7
4/1/60 5+ 6 2 9/28/61 6+ 6
4/5/60 1.1+ 6 4 11/10/61
4/28/60 2.5+ 7 1 2/4/62 1
4/29/60 1.75+ 8 5 10/23/62 1.2+ 5
5/4/60 6+ 6 2 4/15/63
5/6/60 4+ 6 2 9/21/63
5/13/60 5+ 7 2 9/26/63

73



APPENDIX B

Compilation Of Small Solar Flux Events During 1960, Unaccompanied By PCA

PRECEDING PAGE BLANK NOT FILMED.
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TABLE BT COMPILATION OF SMALL SOLAR FLUX EVENTSZI
DURING 1960, UNACCOMPANIED BY PCA

Date Of Event Date Of Event
1/15/60 6/27/60
2/7/60 6/28/60
2/15/60 8/11/60
2/29/60 8/26/60
3/10/60 9/25/60
3/17/60 10/3/60
4/15/60 10/29/60
5/9/60 11/10/60
5/17/60 11/11/60
5/26/60 11/14/60
6/1/60 11/19/60
6/15/60 12/5/60
6/25/60
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APPENDIX C

Julian Day Number, 1950 - 2000 A.D.
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TABLE C1

JULIAN DAY NUMBER

DAYS ELAPSED AT GREENWICH NOON, A. D. 1950-2000
Year Jan. 0 Feb.0 | Mar.0 | Apr.0 | May 0 | Juneo | Julyo | Aug.0 | Bept.0 | Oct.0 | Nov.0o | Dec.o
1950 | 243 3282 | 3313 | 3341 | 3372 | 3402 | 3433 | 3463 | 3494 | 3525 | 3555 3586 | 3616
1951 3647 | 3678 | 3706 | 3737 | 3767 | 3798 | 3828 | 3850 | 3890 | 3920 | 3951 | 3981
1952 4012 | 4043 | 4072 | 4103 | 4133 | 4164 | 4104 | 4225 | 4256 | 4286 | 4317 | 4347
1953 4378 | 4409 | 4437 | 4468 | 4498 | 4520 | 4559 | 4590 | 4621 | 4651 | 4682 | 4712
1954 4743 | 4774 | 4802 | 4833 | 4863 | 4804 | 4024 | 4955 | 4986 | 5016 | 5047 | 5077
1065 | 343 5108 | 5139 | 5167 | 5198 | 5228 | 5259 | 5289 | 5320 5351 | 5381 | 5412 | 5442
1956 5473 | 5504 | 5533 | 5564 504 | 5625 | 56556 | 5686 | 5717 | 5747 | 5778 | 5808
1957 5839 | 5870 | 5808 | 65929 959 | 5990 | 6020 | 6061 | 6082 | 6112 | 6143 | 6173
1958 6204 | 6235 | 6263 | 6294 | 6324 | 6355 | 6385 | 6416 | 6447 | 6477 | 6508 | 6538
1959 6569 | 6600 | 6628 | 6650 | 6689 | 6720 | 6750 | 6781 | 6812 | 6842 | 6873 | 6903
1960 | 243 6934 | 6965 | 6094 | 7025 | 7055 | 7086 | 7116 | 7147 | 7178 | 7208 | 7239 | 7269
1961 7300 | 7331 | 7359 | 7300 | 7420 | 7451 | 7481 | 7612 | 75643 | 7573 | 7604 | 7634
1962 7685 | 7696 | 7724 | 7755 | 7785 | 7816 | 7846 | 7877 | 7908 | 7938 | 7969 | 7999
1963 8030 | 8061 ( 8089 | 8120 | 8150 | 8181 | 8211 | 8242 | 8273 | 8303 | 8334 8364
1964 8305 | 8426 | 8455 | 8486 | B516 | 8547 | 8877 | 8608 | 8630 | 8660 | 8700 | 8780
1965 | 243 8761 | 8792 | 8820 | 8851 | 8881 | 8912 | 8942 | 8973 | 9004 | 9034 9065 | 9095
1966 0126 | 9157 | 9185 | 0216 | 9246 | 9277 | 9307 | 9338 | 9369 | 9399 | 0430 | 9460
1967 0491 | 9522 | 9550 | 9581 | 9611 | 9642 | 9672 | 9703 | 9734 | 9764 | 9795 | 9825
1968 9856 | 9887 | 9916 | 9947 (9977 [*0008 (*0038 {*0069 [*0100 {*0130 {*0161 [*0191
1969 | 244 0222 | 0253 | 0281 | 0312 | 0342 | 0373 | 0403 | 0434 | 0465 | 0495 | 0526 | 0556
1970 | 244 0587 | 061 0646 | 0677 | 0707 | 0738 | 0768 | 0799 | 0830 | 0860 A 0891 | 0921
1971 0952 | 098! 1011 [ 1042 | 1072 | 1103 | 1133 | 1164 | 1195 | 1225 | 1256 | 1286
1972 1317 | 1348 | 1377 | 1408 | 1438 | 1469 | 1499 | 1530 | 1561 | 1591 | 1622 | 1652
1973 1683 1714 | 1742 | 1773 | 1803 | 1834 | 1864 | 1895 | 1926 | 1956 | 1987 | 2017
1974 2048 | 2079 | 2107 | 2138 | 2168 | 2199 2229 | 2260 | 2291 | 2321 | 2352 | 2382
1975 | 244 2413 | 2444 | 2472 | 2503 | 2533 | 2564 | 2594 | 2625 | 2656 | 2686 | 2717 | 2747
1978 2778 | 2809 | 2838 | 2869 | 2899 | 2930 | 2960 | 2991 | 3022 | 3052 | 3083 | 3113
1977 3144 | 3175 | 3203 | 3234 | 3264 | 3295 | 3325 | 3356 | 3387 | 3417 | 3448 | 3478
1978 3509 | 3540 | 3568 | 3599 | 3629 | 3660 | 3690 | 3721 | 3752 | 3782 | 3813 | 3843
1979 3874 | 3905 | 3933 | 3964 | 3994 | 4025 | 4055 | 4086 | 4117 | 4147 | 4178 | 4208
1980 | 244 4239 | 4270 | 4299 | 4330 | 4360 | 4391 | 4421 | 4452 | 4483 | 4513 4544 | 4574
1981 4605 | 4636 | 4664 | 4695 | 4725 | 4756 | 4786 | 4817 | 4848 | 4878 | 4900 | 4939
1982 4970 | 5001 | 5029 | 5060 | 5090 | 5121 | 5151 | 5182 | 5213 | 5243 | 5274 | 5304
1983 5335 | 5366 | 5394 | 6425 | 5456 | 5486 | 65516 | 5647 | 5578 | 5608 | 5639 | 5669
1984 8700 | 5731 | 5760 | 5791 | 5821 | 5852 | 5882 | 5913 | 5944 | 65974 | 6005 | 6035
1985 | 244 6066 | 6007 | 6125 | 6156 | 6186 | 6217 | 6247 | 6278 | 6308 | 6339 | 6370 | 6400
1986 6431 | 6462 | 6490 | 6521 | 6551 | 6582 | 6612 | 6643 | 6674 | 6704 | 6735 | 6765
1987 6706 | 6827 | 6855 | 6886 | 6916 | 6947 | 6077 | 7008 { 7039 | 7069 | 7100 | 7130
1988 7161 |+ 7192 | 7221 | 7252 | 7282 | 7313 | 7343 | 7374 | 7405 | 7435 | 7466 | 7406
1989 7527 | 7558 | 7586 | 7617 | 7647 | 7678 | 7708 | 7739 | 7770 | 7800 | 7831 | 7861
1990 | 244 7892 | 7923 | 7951 | 7982 | 8012 { 8043 | 8073 | 8104 | 8135 | 8165 | 8196 | 8326
1991 8257 | 8288 | 8316 | 8347 | 8377 | 8408 | 8438 | 8469 | 8500 | 8530 { 8561 | 8591
1992 8622 | 8653 | 8682 | B713 | 8743 | 8774 8804 | 8835 | 8866 | 8306 | 8927 | 8957
1993 8988 | 9019 | 0047 | 9078 | 0108 | 9139 | 9169 | 9200 | 9231 | 9261 | 9292 | 9322
1994 0353 | 9384 | 9412 | 9443 | 9473 | 9504 | 9534 | 9565 | 9506 | 9626 | 9657 | 9687
19095 | 244 9718 | 9740 | 9777 | 0808 | 9838 | 9869 | 9899 | 9930 | 0961 | 9901 [*0022 |*0052
1996 | 245 0083 | 0114 | 0143 | 0174 | 0204 0235 | 0265 | 0206 | 0327 | 0357 | 0388 | 0418
1997 04490 | 0480 | 0508 | 0539 | 0569 | 0600 | 0630 | 0661 | 0692 | 0732 | 0753 | 0783
1998 0814 | 0845 | 0873 | 0004 | 0934 | 0965 | 0095 | 1026 | 1057 | 1087 | 1118 | 1148
1999 1179 | 1210 | 1238 | 1269 | 1209 | 1330 | 1860 | 1391 | 1422 | 1452 | 1483 | 1513
2000 | 245 1544 | 1575 | 1604 | 1635 | 1665 | 1696 | 1736 | 1787 | 1788 | 1818 | 1849 | 1879
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APPENDIX D

The proton, alpha, and electron spectra for the missions described in Section 2.0

are tabulated in this appendix.

For the Mars and Lunar missions, the units are particles per square centimeter-MeV-
mission. The heading above each spectrum indicates the probability, in percent, of

encountering a flux larger than that shown, arising from solar flux events.

For the Earth orbit missions, the units are particies per square ceniimeier-MeV-day.
. . e 4 .37

The protondata are derived from the Vette integral flux orbital integrations™’ of proton

map AP3. Theelectron dataare derived from the Vette integral flux orbital integra-

.37 _ . . L soca .
tions ot the projected 1968 electron environment.
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APPENDIX E

This appendix contains the results of a parametric study of space radiation hazards
for the Mars, Lunar, and Earth orbital missions described in Section 2.0. The flux
spectra upon which these results are based are tabulated in Appendix D. For speci-
fied risk levels and radiation exposure dose limits this appendix may be used to esti-

mate shield requirements,

Table E1 contains a summary of design dosz:ges]4 recommended by NASA and review-
ed by the Working Group on Radiation Probiems, Man in Space Committee
Academy of Sciences Space Science Board. Figures E1 through E12 present eye and
abdomen dose within aluminum and polyethylene vehicles for three Mars missions;
Figures E13 through E24 present similar data for three Lunar missions. The percents
associated with each curve represent the probability of exceeding the indicated doses.
Figures E25 through E28 present eye and abdomen proton dose rate within an alumi-
num vehicle for orbital missions at several altitudes and angles of inclination. Fig-
ures E29 and E30 present eye electron dose rate, within an aluminum vehicle s a
function of altitude and angle of inclination. The dashed portions of the latter fig-
ures indicate a region where dose rate is changing rapidly; further calculations are

required to accurately define these values.
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APPENDIX F

Charged Particle Reaction Cross Sections
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APPENDIX G

Flare Program Input And Output Listings

The input data in Table G1 is identical for the IBM 7094 and IBM System 360/50

Fortran IV versions of the Flare program except for the preceding $DATA card and

the final end-of-file card.

The first output listing, Table G2, results from an IBM 7094 run. The second output
listing, Table G3, results from an IBM System 360/50 run. Differences in the out-

put values reflect the difference in computer word lengths.
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APPENDIX H

Dose Program Input And Ovutput Listings

Dose program test case input is shown in Table H1. The output listing is shown in
Table H2,

I This program requires an input tape prepared by the Geometry program sample prob-
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